LIST OF FIGURES TABLE   Table I The objective of this study was to determine the changes which are produced in the activities of brain enzymes involved in neurotransmitter metabolism by chronic administration of morphine. Adult male rats were made tolerant to morphine and sacrificed at predetermined times between 15 minutes and 24 hours after the last morphine injection. The morphine-induced changes in the activities of choline acetyl transferase and acetylcholinesterase, enzymes responsible for the synthesis and breakdown of acetylcholine, respectively, and of monoamine oxidase, the enzyme responsible for the breakdown of catecholamines and indoleamines, were investigated in the 111 hypothalamus, thalamus, hippocampus, cerebral cortex and basal ganglia. It was found that the activities of these enzymes are affected in animals made tolerant to morphine and that the direction and magnitude of these changes depend on the time of sacrifice of the animals after the last morphine injection.
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ABSTRACT
The morphine-induced changes in the activity of enzymes involved in the metabolism of neurotransmitters in specific areas of the brain of rats made tolerant to morphine have been investigated. The activities of choline acetyl transferase (E.G.2.3.1.6.), acetylcholinesterase (E.C.3.1.1.7.) and monoamine oxidase (E.G. 1.4.3.4.) were determined in the hippocampus, thalamus, hypothalamus, cerebral cortex and basal ganglia of groups of rats sacrificed at predetermined times following the last scheduled morphine injection. It was found that, in animals that showed a paradoxical activation reaction shortly after the last morphine injection ("jumping" No significant changes in the levels of endogenous brain norepinephrine were observed by some investigators in morphine dependent rats. 17 In contrast, others reported that in rats which received repeated doses of morphine the levels of brain norepinephrine and also its biosynthesis increased. The objective of the present study was to determine the changes which occur in the activity of enzymes involved in the metabolism of neurotransmitters in specific areas of the brain of rats made tolerant to morphine.
H. MATERIALS AND METHODS
Animals. A total of 228 Sprague-Dawley male rats 9-10 weeks old, weighing 240 to 260 grams, were used in these series of experiments. The animals were kept in a temperature-controlled room at 22 0 C individually housed in cages and had free access to water and food (Purina chow pellets). They were equally divided into 38 groups of 6 rats each. Twenty-six of these groups were used for the morphine experiments and the remaining 12 served as controls.
Morphine injection. The experimental animals were made tolerant to morphine by injecting the drug, 30 mg/kg body weight of morphine sulfate (Lilly) per injection intraperitoneally, twice daily for 8 days. Control animals were injected with sterile physiological saline in volumes corresponding to those of the morphine solution. After the 5th or 6th day of morphine administration, for the first 10 to 20 minutes after each injection of the drug the rats showed a paradoxical hyperactivity reaction characterized by increased irritability, spasmodic jumping and gnawing ("jumping" rats). However, a number of rats of which 72 were selected at random did not exhibit this hyperactivity reaction ("nonjumping" rats). These animals were kept and assayed separately. spectrophotometrically by measuring the absorbance (appearance of peak) at 330 nm.
A blank cuvette was prepared by replacing kynuramine with water. As Figure 1 shows, the height of the peak at 330 nm is directly proportional to the amount of error. Student's two-tail "t" test was used for statistical analysis.
IE. RESULTS
The effects of morphine administration on the activity of the brain enzymes under investigation in the tolerant rats which showed the hyperactivity reaction (jumping rats) are shown in Figures 2-4 . Figure 2 There is an activity peak (approximately 60 percent increase; p < 0.025) in the hypothalamus and possibly in the hippocampus at about 15 minutes after the last morphine injection.
The morphine-induced changes in the activity of acetylcholinesterase are shown in Figure 3 . As in the case of choline acetyl transferase, it was found that, depending 180 60 TIME (minutes) (hours) Figure 3 . Effect of chronic administration of morphine on the activity of acetylcholinesterase in various brain areas of tolerant jumping rats. Each plotted point is the mean for 12 to 14 rats and the vertical bars denote + S. E. M.
on the time of sacrifice of the animals following the last morphine injection, acetylcholinesterase activity oscillated also in all brain areas studied. However, the magnitude of oscillation was less pronounced than that of choline acetyl transferase. Furthermore, compared with choline acetyl transferase, no appreciable peak in the activity of this enzyme was observed in the hypothalamus at 15 minutes after the last injection of the drug. No statistically significant differences in the activities of brain choline acetyl transferase and acetylcholinesterase were observed between jumping and nonjumping tolerant rats. However, results with monoamine oxidase were different. In the jumping rats which were sacrificed during the first 60 minutes after the last morphine injection, monoamine oxidase activity decreased markedly in all brain areas investigated. In contrast, in the nonjumping animals sacrificed during the same postinjection time, no change or some increase in the activity of this enzyme was observed (Table I) . 
IV. DISCUSSION
Previous studies have shown that the levels of acetylcholine in the brain of rats increase after administration of morphine.
8,11 Similar changes have been also observed in the caudate nucleus of rats 1 hour after administration of single doses of 5 morphine but not after repeated daily injections of the drug. On the other hand, it has been reported that no significant changes in the levels of acetylcholine occurred in the brain of rats which received relatively small doses of morphine and were sac- Our results indicate that, in animals which showed the paradoxical activation reaction (jumping tolerant rats) shortly after the last morphine injection, monoamine oxidase activity decreased in all brain areas investigated reaching lowest values in animals sacrificed at 30 to 60 minutes after the last injection. It then returned to nearly normal levels. In contrast, in rats that did not show this hyperactivity and were sacrificed during the same period of time, monoamine oxidase activity remained around control values or increased slightly. The pronounced decrease in the activity of this enzyme observed in the jumping animals indicates that, during this time, a marked decrease in oxidative deamination of biogenic amines took place in the brain of these animals. It is of interest to note that two different populations of animals ("jumpers" and "nonjumpers") were also observed by other investigators in experiments in which biogenic amine levels were determined after naloxone precipitated withdrawal. These authors reported that in mice and rats which jumped after administration of naloxone, brain dopamine levels increased above control values but did not increase in the nonjumping animals. The increase in the levels of this neurotransmitter observed by these investigators in naloxone treated jumping animals could be explained by an increase in dopamine synthesis and/or a decrease in its oxidative deamination, i.e., decreased monoamine oxidase activity. Similarly, a decrease in the activity of this enzyme was found to occur in our experiments with morphine tolerant jumping rats but not with nonjumping animals.
The morphine-induced changes in the activity of tyrosine hydroxylase and tryptophan hydroxylase, the rate-limiting enzymes in the synthesis of catecholamines and indoleamines, respectively, were not determined in this series of experiments. One cannot therefore draw conclusions as to what changes occurred in the rate of synthesis of catecholamines and indoleamines as a result of chronic administration of morphine.
Monoamine oxidase activity was assayed using kynuramine as substrate. During these determinations it was found that, if instead of measuring the decrease in 19 absorbance at 360 nm, one measures the increase in absorbance (appearance of peak)
of the reaction product 4-hydroxyquinoline at 330 nm, at least a threefold to fourfold increase in the sensitivity of the reaction can be achieved. As shown in Figure 1 there is a linear relationship between the height of the peaks at 330 nm and the corresponding 4-hydroxyquinoline concentrations. It should be mentioned that, since it has been shown that monoamine oxidase in the brain of rats exists in multiple forms with differ-20 ent substrate specificities, determination of its activity using kynuramine as substrate does not give a true picture of the morphine-induced changes in the activities of these forms. However, experiments are currently under way to separate the various monoamine oxidase forms and determine the morphine-induced changes in the activity of the individual isomers.
